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ABSTRACT- The Doubly Fed Induction Generator (DFIG) utilized in wind energy conversion systems (WECS) requires
regulation of both active and reactive power to ensure stability and proper functioning. Model Reference Adaptive Control
(MRAC) scheme augmented with flux-oriented vector control strategy is proposed for ensuring effective power management
without extra sensors. RSC (machine side converter) and GSC (grid side converter) are to be controlled using Lyapunov-based
adaptive control for improved power extraction and stability of the grid. Proposed model was simulated in MATLAB/Simulink
and tested under dynamic conditions of wind, including gust and ramp variation. Results show that both GSC and RSC axis
current components tracks the references. MRAC-based controller has maintained the dc link stability with less than 5%
overshoot. The simulation verification indicated an excellent achievement of decoupled control of power. This demonstrates
MRAC's robustness for power regulation in DFIG-based WECS, which enhances reliability and stability in energy generation.

Keywords: Doubly Fed Induction Generator, Flux-Oriented Control, MPPT (Maximum Power Point Tracking), Wind Energy
Conversion System, MRAC (Model Reference Adaptive Control).
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estimation technique is depicted in figure 2.
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1. INTRODUCTION

Due to a number of benefits over fixed speed technologies,
such as increased power, decreased strains on the turbine, Figure 1. DFIG based WECS design
improved power quality, and acoustic noise reduction, variable-
speed wind turbines have been used more frequently recently
[1]. Double-fed Induction Generators (DFIGs) have become the
main generator in high-power wind energy conversion systems.
Power regulation is independent for both reactive and active
components in the durable, low-maintenance. Voltage source
converters are linked to both sides of the machine. The rotor
side converter has been designed to handle a small portion,
specifically 25% to 30%, of the machine's nominal power as
shown in figure 1. This design choice helps to lower converter
expenses and minimize power loss, in contrast to other systems
that use fully sized converters [1]. Additionally, DFIG is a
suitable choice for low- speed applications.

The converter's ideal switching state in [7] is determined by
directly controlling the active and reactive voltages. Using a
sensorless control that can start instantly, the DPC for DFIG is
created in [8]. Another study, as described in reference [9],
focuses on sector selection based solely on the estimated stator
flux. Predictive control simplifies the analysis of harmonic
filter and power converter, which has recently been used to
eliminate some of the disadvantages of classical DPC, such as
variable at steady-state power ripples and frequency switching
[10]. Tt is also capable of functioning at low, steady switching
frequencies. In recent years, a number of studies [11, 12] have
been published that use vector control and fuzzy logic to
directly regulate the DFIG with constant switching frequency

Stator flux orientation constitutes one of the most recognized ~ While eliminating torque or power ripples [13, 14]. In[15] and
applications among various techniques available for controlling [16]’ the au.thors design a small 51gn.a1 model (.)f. DFIG for
the DFIG [2, 3]. Other techniques including direct power [4], implementation of MRAS observer with magnetizing current

direct torque control [5], and stator voltage orientation are also ~ Supplied exclusively by rotor. This technique however is not
being researched and applied in the industrial sector.  Suitable for sensorless technique because the MRAS observer

depends on DFIG stator current [17]. The author suggested in
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[18] using basic machine voltage and current formulae to
estimate rotor position. Authors designed a vector-oriented
control for DFIG using MRAC combined with PI controllers in
the control loop of DC-voltage as well as rotor speed. [20]
Describes the design of a robust MRAC for the DFIG,
implemented using a fractional-order integrator.

™

T

Figure 2. Schematic diagram of DFIG converters with PLL for rotor
position estimation

There are two distinct components to the DFIG’s MRAC
controller. First, the GSC and RSC converters are described in
terms of rotating reference frame. Second, the control loops for
GSC and RSC are designed using the MRAC method. The
GSC converter will also regulate the DC-link voltage. Despite
system interruptions, such as fluctuations in wind speed, the
DFIG system can be controlled in the desired manner. To
verify the suggested MRAC for DFIGs, MATLAB simulation
is performed to illustrate the effectiveness of the MRAC model.

Although MRAC-based DFIG control has been reported in
previous studies, most works focus on rotor current regulation
or speed control and often rely on hybrid PI-MRAC structures
or observer-based schemes. Limited studies address
coordinated adaptive control of both RSC and GSC with
explicit Lyapunov stability proof under grid disturbances.
Furthermore, comparative performance analysis with
disturbance scenarios and implementation considerations
remains insufficient in existing literature. This gap motivates
the present work.

Unlike earlier MRAC-based DFIG studies that focus primarily
on rotor-side control or speed regulation, the present work
develops a unified Lyapunov-based MRAC framework for both
grid-side and rotor-side converters within a stator-flux-oriented
architecture. The controller is designed to regulate active
power, reactive power, and DC-link voltage simultaneously
under parameter uncertainties and grid disturbances. In addition
to standard wind variations, the system is evaluated under grid
voltage sag, inductance mismatch, and short-circuit
disturbances. This combined stability-verified dual-converter
MRAC  structure and disturbance-oriented evaluation
distinguishes the present study from conventional MRAC-
DFIG implementations.

The main contributions of this paper are as follows:
(1) Development of a Lyapunov-based MRAC scheme for
coordinated control of both rotor-side and grid-side converters.
(2) Integration of MRAC with stator-flux-oriented vector
control for simultaneous active power, reactive power, and DC-
link regulation.
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(3) Robustness evaluation under wind variation, grid voltage
sag, parameter mismatch, and short-circuit disturbances.

(4) Quantitative comparison with conventional PI control using
multiple performance indices.

(5) Discussion of implementation feasibility on DSP/FPGA
platforms.

2 2. SYSTEM MODELING FOR WIND
POWER GENERATION
2.1.Modeling of Wind Turbine

Therefore, torque produced by the turbine changes with wind
speeds since, wind speed and air density affect kinetic energy.
The turbine power P, and torque T; are given as[21]:
1
P, = 2 prR3V3C, (4, B)

2
1 Cp(AB) (D
T, = S prRLVS pw—t

Power coefficient as [22]:

12.5

C(LB) = G152 = CaB = Ce”  +Col @)

Where, A as the tip speed ratio (TSR) while § as blade angle of
pitch , as given below:

wtRy

A= 3)
The camshaft must always be adjusted to ramp within a very
narrow band, which is achieved only by putting the camshaft in
a set against the drive shaft by means of some gearbox. The
generator rotor shaft speed w,, and mechanical torque T,,,
which are provided in the gearbox’s generator side, are as
follows, disregarding the losses in the transmission:

wt

Tm=ﬂ and W =7 4

N

Where, N denotes the gearbox ratio.

2.2.Maximum Power Point Tracking

The Betz limit defines the theoretical maximum efficiency of a
wind turbine at approximately 59.3%, corresponding to a
power coefficient of C,_,p = 0.441198 [23]. This optimal
point is achieved at a blade pitch angle f = 0 and top speed
ratio A,_ope = 7.2, representing the Maximum Power Point
Tracking (MPPT) condition. Figure 3 shows the curve for the
power coefficient and the speed ratio of tip.
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Figure 3. Power coefficient v/s tip speed ratio
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The ideal expression of maximum power has been derived
from substituting equation (3) into (1) as follows:

1
Pm—opt = EpT[RSw?n—opth—opt/lgpt (5)

— 3
Pm—opt - Koptwm—optcp—opt

where, Wp_op: represents the ideal speed of rotation that
corresponds to wind speed, and also K,,, denotes the power
gain which is provided by

1
Kopt = EanSCp—opt/Azpt (6)

The MPPT control can be implemented using equation (6).

2.3. Mathematical Model of DFIG
According to the circuit in figure 4, synchronous coordinates of
the voltages are [24-26]:

. d

Vas = Rslds + Elpds (t) - Wsqu
d

17qs = Rqus + qus(t) + Wswds
. d

Var = Rplgr + Elpdr(t) = Wi gy

. d
kvqr = erqr + qur(t) + Wrwdr

O]

where, V45, V45 denotes the stator voltages of d-g axis, Vg, Vgr
represents rotor voltages of d-g axis, 4, Ygs denotes stator
fluxes of d-q axis , Pg, Pqr denotes d-g axis rotor fluxes,
Lgs, Lqs TEPrEsents stator currents, i, i, denotes rotor currents,
R, R, denotes stator as well as rotor resistances, wg, w,. denotes
ststor and rotor angular speeds.

The flux equations can be written as
Yas = Lsigs + Liniar
l/)qs = leqs + Lmlqr

Yar = Lyigy + Linigs
t/)q'r = Lriqr + Lmiqs

®)

where, L; denotes self-inductance of stator , L, denotes self-
inductance of the rotor, L,, denotes mutual inductance while o
denotes leakage factor given by

o=(1-1tm) 9
= Lol 9
igs Rs wswfs Les Loy Wiber R,
EETY _l_ rEE — ——AAS—
Vds T dwdS gl‘m T dlpd?’ Vd‘r
dt [ dt
R, Wslpds Lo-s Lar erpdr RT
TYEE _l_ T
Vqs dl/}qs :L; Lm dwqr Vq .
dt r dt

Figure 4. d-g Model of the DFIG in synchronous coordinates
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i3, CNTROL STRATEGY
3.1. Output Voltage Equation

Bs

aS
Stator link frame

Figure 5. Vector diagram of stator flux-oriented control

The stator current components must be synchronized with the
stator space vectors. This indicates that, as depicted in figure 6,
the dq axes of the reference rotating frame are moving in front
of one another [27].

Hence,
lpqs =0
{lpds = lps ( ! 0)

Based on the previously stated equation, it is presumable that
the system is stable, with voltage v, leading the stator flux ;.
As figure 6 illustrates, stator voltage can be simplified as
follows:

% =0
{ ds (1 1 )

Vgs = Vs = W

Given that stator flux is directly proportional to voltage, the

expression for stator flux in the steady state is obtained thus:
Yas =Ps = Lsiags + Linlar (12)
0 = Lgigs + Linigr

Therefore, the stator current equations can be obtained from

the equation (12) as

_ Ps Lm
las = L_s - Ls Lar
. L (13)
lgs =~ lar
The electromagnetic torque expression is given by
_ 3 Lpvs .
Tem - _E‘D Lows lgs (14)

7 4. MODEL REFERENCE ADAPTIVE
CONTROLLER (MRAC)

MRAC uses technique of parameter estimation to minimize the
output and the reference model’ difference [28]. As seen in

figure 6, the MRAC framework comprises three distinct

components, wich are a reference model, the real plant, and an
adaptive rule. One model, referred to as the uncertain dynamic
system and is thought to be the original plant. Both uncertainity
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model and the reference model receive the external input
simultaneously. When output from reference model is
compared to that of uncertain dynamic system, it represents the
expected closed-loop dynamic system response and the error
signal that the system produced powers the parameter
modification procedure. The uncertain dynamical system’s
trajectories are then driven to match the reference model’s
trajectories by this method, which modifies the controller
parameters.

Reference Model

Input e
MRAC > DFIG > —>

Adaptive Law

Figure 6. Schematic diagram of model reference adaptive controller

This work reports on the system of DFIG wind energy
conversion; that is, State-Space form as given in Section [29].

15

In this case, a control vector is denoted by u(t) € R™ and a
measurable space vector is represented by x(t) € R™. A known
system matrix is indicated by the parameters A € R™" and a
known control matrix is indicated by B € R™™. Moreover,
A:R™ - R™ denotes an uncertainty of the system that is time-
invariant.

x(t) = Ax(t) + Blu(t) + Ax(0)]; x(0) = x,

Equation (15) requires the system uncertainty to be
parameterized in order to implement model reference adaptive
control. Depending on the type of system uncertainty Ax(t),
either structured or unstructured parametrizations can be
considered. In this case, we assume that equation (15)’s system
uncertainty satisfies the following structural representation.

(16)

Where, W € R**™ denotes unidentified weight matrix and also
B:R™ —» R® denotes basis function which is idenified.

Ax = WTB(x); x € R"

In the proposed adaptive control formulation, the DFIG
dynamics contain modeling uncertainties arising from
parameter mismatch, grid disturbances, and unmodeled
converter dynamics. These uncertainties include variations in
stator and rotor resistances due to temperature, inductance
deviations caused by magnetic saturation, and external
disturbances introduced by wind speed fluctuation and grid
voltage sag.

The uncertain term in eq. (15) is therefore represented as a
structured parametric uncertainty of the form

Alx,t) = W+ Tp(x,t) (17)
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where W* denotes an unknown constant parameter matrix and
¢(x,t) represents a known basis function vector derived from
measurable states and inputs.

For practical implementation, the unknown parameter matrix is
assumed to be bounded such that

W+l < Winax (18)
where W,,,, is a positive constant determined from machine
parameter tolerance limits and expected operating variations.

In this work, parameter uncertainty bounds are selected within
+25% of nominal inductance and resistance values, which is
consistent with variations reported in DFIG literature under
thermal and magnetic operating conditions. This bounded
representation allows formulation of a Lyapunov-based
adaptive update law while ensuring stability under realistic
parameter deviations.

In order to make the dynamic system state trajectory follow the
state trajectory of reference model a state feedback control is
considered as:

u(t) = up(t) = Uqa(t) (19)

where u, (t) and u,,(t) are used respectively to designate the
nominal control law and the adaptive control law. The former
u_n(t) is such that:

= —K;x(t) + K,r(t)
W' ()B(x(t))

Where, K; € R™" represents a matrix of feedback gain, and
K, € R™™ stands for matrix of feedforward gain and r(t) €
R™ represents as a uniformly continuous bounded input
command.

{un )

20
Uaa () (20)

The reference model for the system has been chosen as:

X (t) = Apx(t) + B,,r(t) 2n

Where, A,, and B,, are the reference model parameters. The
nominal control law gain K; must be chosen in such that A, is
Hurwitz such that for a given R > 0, the Lyapunov equation
0 = AL,P + PA,, + I holds.

The dynamics of system errors is given below:

e(t) = x(t) = xm(t) (22)
And the time derivative gives the following equations:
{ . é(t) = x(t) —~5€Tm(t) 23)
é(t) = Ape(t) — BW (DB (x(1))

The weight update law to drive the system error asymptotically
to zero:
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W(t)= Tfu(); I'>0
W)= W-Ww (24)
W= Tfwu)

To verify that the control system designed is stable, we utilize
the Lyapunov function candidate function in the form given by

V(e,W)=e"Pe + T 'trWTW (25)
The Lyapunov function candidate's time derivative yields:

V(e,W) = 2eT(t)Peé(t) + 2T 1trWTW

V(e,W) = 2eT(t)PAne(t) + 2eT ()W (1) (26)
[faa(.) — PBe™ B(x(t))]
If we choose our parameter adjustment mechanism as
{ffm(.) = (e (OPB o
W)= TBx()e"(t)PB
which gives V(e, W) = 2eT(t)e(t)PA,,.
Therefore, from Lyapunov equation we can write
{V(e, W)= 2eT(t)e(t)[PA}, + PAn]
7 (28)
= —e' (e(t)!

It ensures Lyapunov stability for both estimate VT/(t) and
system e (t) errors.

Classical MRAC schemes may experience parameter drift
when excitation conditions are insufficient or when
disturbances persist for extended durations. To prevent
unbounded growth of adaptive parameters, a projection-based
update mechanism is incorporated into the adaptive law.

The modified weight update law is written as
W = Proj(W,—T ¢(x,t)e"P B) (29)

where I' is a positive definite adaptation gain matrix and Proj(+)
denotes a projection operator that constrains parameter
estimates within predefined bounds.

The projection operator ensures that
W] < Winax (30)

thereby preventing parameter drift while maintaining Lyapunov
stability.

In addition, a o-modification term is introduced to improve

robustness under disturbance and noise conditions. The
modified adaptive law becomes
W = —TI'o(x,t)e"P B — oW 3D

where ¢ is a small positive constant. This term introduces
leakage in the adaptation mechanism and guarantees bounded
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parameter convergence even when persistent excitation
conditions are weak.

4.1. Convergence Conditions and Persistent

Excitation

The Lyapunov-based design guarantees boundedness of all
closed-loop signals and asymptotic convergence of tracking
error under standard MRAC assumptions. However, parameter
convergence additionally requires a persistent excitation (PE)
condition on the regressor vector ¢(x,t).

The PE condition can be expressed as

[ tt+Te@e'@dr > o
for some positive constants o and T.

(32)

In wind energy systems, persistent excitation is naturally
introduced by wind speed variations, grid disturbances, and
power reference changes. The step and ramp wind profiles used
in this study provide sufficient excitation for convergence of
adaptive parameters.

Even in the absence of strict PE conditions, the projection-
based and o-modified adaptive law ensures bounded parameter
estimates and stable tracking performance.

4.2. GSC Current Controller Design

In addition to controlling dc voltage, the GSC also manages
reactive power. Utilizing the decoupled vector control
technique, traditional GSC control strategy is implemented
[10-15]. Figure 7 shows the GSC’s simplified circuit, with
Vqa1,Vpy and v, being the GSC voltages and, R and L
corresponding series resistance and inductance filter, and,
V.,V and V, are grid voltages [30,31].

R L
Vg AAA . (\fw\_.___f\:}) o
v | e
. e AN VTPt
2o A —— TN A)
Ty,

Figure 7. Grid-side converter circuit

The following equation can be obtained by using Kirchhoff
voltage law and applying Park transformation in figure 7.

. dig .
Vag = Rigg + L—dtg — wsLigg + vgq 3
. di .
Vgg = Rigg + Lﬁ + wsLigg + vgq

Active and reactive powers, F; and (4 respectively, can be
given as:

3 . .
P, = 3 (Waglag + Vqiqg) 34)
3 . .
Qg = E(vqyldy — Vqlqg)
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The coupling between the reactive and active powers is clearly
seen by equations (34). As a result, a vector-oriented technique
has been used to decouple active & reactive powers (Vg4 = 0;
and vg, = constant) which are expressed in the form of
following equations:

3 .
Fg =3 vaglag (35

3
Qg =3 Vaglqg

Therefore, the grid voltages in synchronously rotating frame is:

di
va = Rigg+L—2 — w;Ligg + vy
: (36)
. dai . «
0 =Rig+ L% + wsLigg + vy,

where, the reference voltages of the d as well as ¢ axes are v},
Vg, Tespectively. Even so, there is an ig, it is not contributing
factor like a conventional close-loop control idea.

Thus, the current control loop is defined by the following
equations:

« ., dig .,
vy = —Rigg — Ld—tg + wsLigg + vg a7

. di .
= —Rigg — L= — w;Ligy

v*
q1 dt

Where, the disturbances for both d and g axes are given as
qu = i(‘)s

Therefore, using equations (36) & (37), the two voltage
components across the inductor L can be adjusted to control
both axis currents.

4.3. RSC Current Controller Design

To monitor the wind turbine’s maximum power production
characteristics and regulate machine behavior, the control
approach used by converter on the machine side is more
sophisticated. The machine side controller is consist of torque
and reactive power control loop [30, 31]. By comparing the dg-
axis current references to the actual currents of the inverter, the
MRAC controller in the machine-side controller estimates the
dg-axis voltages.

The rotor voltage is derived from the torque reference
estimated by the observer.

i d . ,
Var = Rylgr + 0Ly e lar — Wy 0Lyigy

. d . . Lm? .
Vgr = Rpigr + 0L, = Lar + w, 0L, i4 + W, -, lar

(38)
Therefore, the state space model of dg-axis currents can be
presented as:

d . 1 . .

Eldr = O'_L-,- [vdr - erdr - wro-Lrlqr]

d 1 Lm? (39
. _ i . m

Elqr - O'_L-,- [Uqr - erqr - wraLrldr — Wy L_s]
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Where, the disturbances for both d and g axes are given as
Ddr = —Wy

2

Dyr = wr Ll + w,0oL,
N

4.4. DC Bus Voltage Controller Design
Voltage is written in terms of DC-link capacitor as power
leaving GSC and entering grid from RSC. The MRAC
technique for P, is same as the method used for rotor current,
which is injected into the rotor circuit, while the protocol for F;
is the same as the injected current into a grid [30, 31]:
avg.

CacVac d_(ti =-b+ Pg (40)
Where, Vg, B-, B; and C4. are DC bus voltage, rotor active
power, grid active power and dc-ink capacitor respectively.

From equation (34) and assuming small DC bus voltage
variation, we have
d .
CacVac 7 Vac = —h +valq (41)

Therefore, it is possible to adjust the axis currents by
controlling the DC bus voltage.

4.5. Simulation Environment and Numerical

Configuration

The proposed MRAC-based DFIG control strategy was
validated using MATLAB/Simulink environment to evaluate
dynamic and steady-state performance under controlled
operating conditions. The simulation model includes detailed
representations of the wind turbine, DFIG electrical dynamics,
back-to-back converters, DC-link capacitor, grid interface
filter, and control subsystems.

The simulations were executed using a discrete solver to
accurately capture switching dynamics and controller
adaptation behavior. Key simulation parameters are
summarized in fable 1.

“Z Table 1. Simulation Configuration Parameters

Parameter Value

Simulation platform MATLAB/Simulink

Solver type Discrete (ode3 / fixed-step)
Simulation step size 5 us

Control sampling time 50 us

PWM switching frequency 5kHz

Simulation duration 10s

Grid frequency 50 Hz

Converter model IGBT-based PWM VSI
Numerical method Forward Euler discretization

A fixed-step discrete solver was selected to emulate real-time
digital controller implementation and to ensure numerical
stability of the adaptive update law. The sampling period was
chosen sufficiently smaller than converter switching dynamics
to avoid discretization-induced instability.
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. 5. SIMULATION RESULTS AND [ e s e soiom spuih o wiatomesd, ="
DISCUSSION '

MATLAB/Simulink-based validation represents a widely
accepted first-stage verification approach for advanced control
algorithms in wind energy systems, allowing controlled
evaluation of nonlinear dynamics, parameter uncertainties, and
disturbance scenarios prior to experimental deployment. The
developed model incorporates switching converters and grid
interaction dynamics, enabling realistic assessment of

Filter |4 & ©
Q=0 =
P=iW| ~
L
=}~ Pitch angle [") -
e Wind spoed (mis) | =)

controller performance. el Z@' Wind Trubine Model
= *laber —
PWM
The objective of this study is to establish theoretical stability f _:::mmm] S ~Omegam Tomref] +
and control effectiveness of the proposed MRAC framework. 5 ——~Omega m (2m) Monitor WPPT
Hardware implementation and experimental verification are
considered future extensions following controller parameter Figure 8. Simulink Model of DFIG

tuning and safety validation.

Evaluation for effectiveness of suggested control strategy with
a VC methodology is examined in this section through
simulation on a 2 MW WECS wich is based on DFIG using
MATLAB/Simulink under various operating scenarios. The
simulation datas are given in table 2 and table 3. The maximum
wind power is tracked using the MPPT algorithm. The system
performance can be summarized under different conditions

-

-
T
1

Wind Speed (m/s)
-
=

L
T
1

8
using current control loop. . . . .
0 2 4 6 8 10
Table 2. DFIG and Wind Turbine Parameters Time (s)
. Figure 9. Wind Speed in Step Response
Parameter Description Value
N Synchronous speed 1800 rpm Step changes in wind speed (8 m/s, 10 m/s, and 12 m/s) are
R, Rotor blade radius 2m applied to evaluate system performancq under sub-
- synchronous and super-synchronous operating modes as
Cpus Bus capacitor 8x103 F . . . .
i . presented in figure 8 & 9 displays the machine side
J System inertia 100 kg.m performance with MRAC under wind speed variations in step
G Gearbox ratio 100 changes. The rotor speeds as illustrated in figure 10(a) is as
C, Turbine power | C_1=0.5109,C_2 follows: 1486 rpm at 8 m/s wind speeds, 1880 rpm at 10
coefficient =116,C_3 m/s wind speeds, and 2267 rpm at 12 m/s wind speeds.
=0.04,_ 4=5,C5
=21,C_6 = 0.0068 2500 F T T T i ]
Prated DFIG rated power 2MwW 2000
p Pole pair number 2 ; 1500
s
Is ratea Stator rated current 1760 A ?‘.{
R Stator resistance 2.6 mQ #1000
Lg Stator self-inductance 2.6 mH S soo
Lm Mutual inductance 2.5mH 0
R, Rotor resistance 2.9 mQ 0 2 ; ‘; ; 10
L, Rotor self-inductance 2.6 mH Time ()
(a)
5000
i Table 3. Grid Parameters _
Parameter Description Value fﬁ ot .
Vs Line-to-line grid voltage 690V g o !:'Ef
= I
f Grid frequency 60 Hz 3 -5000 e
- 3 b
Chus Bus capacitor 8x10° F 2 o000} i
Rg Grid filter resistance 20x107¢H ® 4875 48755 A876
Lg Grid filter inductance 483x107°H 0 2 ; é é 10
Ve DC bus voltage reference 1200V T'(;)e (8)
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q

Rotor Current i , {A)

Time(s)
(c)
Figure 10. Current control loop of RSC with MRAC

At all wind speeds, the rotor keeps its ideal speed. Figure 10(b)
& figure 10(c) illustrate response of the control loops using
MRAC. The reference currents ig taken from the MPPT are
exactly followed by the rotor currents without any overshoot,
as the graphs demonstrate.

The response of control loops on GSC using MRACis
presented in figure 11. The GSC side current id is displayed in
figure 11(a) DC bus voltage scope is displayed in figure 11(b).
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Figure 11. Scope of control loop for GSC with MRAC

It is seen from the figures that the grid current id smoothly
tracks the reference current. The grid-side converter maintains
stable DC-link voltage regulation throughout operation despite
wind speed variation, demonstrating effective decoupling
between active and reactive power control loops.
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Figure 12. Current and power response to speed change

The power generations and the phase currents presented in
figure 12 (all) while the phase current of rotor in figure 12(a),
the stator phase current is represented by figure 12(b) & figure
12(c) displays the rotor and stator active powers. Figure 12 (a)
shows how the frequency of rotor current shifts sub-
synchronous mode to highly synchronous mode through the
synchronous speed. Both stator and rotor powers generations
presented in figure 12(c). demonstrate the mode of operations.

5.1. Comparative simulation with conventional
PI or other methods

A comparison study was suggested between the proposed
MRAC strategy versus a conventional PI-based vector control
system under identical wind profiles. Figure 13 compares the
DC-link voltage, rotor speed, and current response of both
methods. It is observed from the fable 3, that while PI
controller shows sluggish response with minor overshoot
(~9%), the MRAC-based system achieves <5% overshoot with
quicker settling.

Table 4. Presents Detailed Comparison

Metric PI Control Proposed MRAC
DC-Link Overshoot  |9.1% 4.3%

(%)

Settling Time (s) 0.47 0.31

Steady-State Error (A)|0.12 ~0.01

Rotor Speed Tracking |High Low

Error
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These results confirm the outstanding tracking performance
and dynamic robustness of the MRAC schemes. Figure 13,
simulated comparison of DC-link voltage and rotor speed
response under step wind speed input. The MRAC settles
faster with less overshoot and offers better tracking
performance than the classical PI controller.

DC-Link Voltage Response (Pl vs MRAC)

= 1300 ——PI Control| |
o ——MRAC
48 - - - ‘Reference
=
> 1250 1
X~
c
£
O
(]
1200 :
0 2 4 6 8 10
Time (s)
Rotor Speed Response (Pl vs MRAC)
. 1840 T T T T J
g_ —PI Control
= 1820 MRAC L
o] - - - 'Reference
<))
<
[¥p) 1800 \/
S \/
© 1780 ]
0 2 4 6 8 10

Time (s)

Figure 13. Comparative Response of Pl and MRAC Controllers

5.2. Robustness Under Disturbance and Fault

Scenarios

The robustness of the proposed MRAC control scheme was
tested under three disturbance types: a 3-phase short-circuit
fault for 100ms; inductance variation faults of £25%; and grid
voltage sag to 0.7 per unit. In the wake of such disturbances,
the MRAC managed to keep the DC-link voltage from
deviating more than 7% from its nominal value and rapidly
restored active and reactive powers. Rotor speed activity
remained good with minimal oscillations. The system settles
very fast at around 0.2 seconds after fault clearance. This
response confirms the strong disturbance rejection capability
and adaptive robustness of the proposed MRAC framework
under grid-connected fault conditions.

A £25% parameter variation in inductance and resistance was
introduced to validate bounded-uncertainty assumptions used in
the MRAC design.

To provide systematic performance assessment, quantitative
metrics were extracted from simulation responses under
disturbance scenarios including grid voltage sag, parameter
variation, and short-circuit fault conditions. The following
indices were evaluated:

e Maximum overshoot (%)

*  Settling time (s)

*  Steady-state error

*  DC-link voltage deviation (%)
*  Power recovery time (s)

“ Table 5. Quantitative robustness performance under
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disturbances

Disturbance [Overshoot |(Settling DC-Link Power

Scenario (%) Time (s) Deviation |Recovery
(%) Time (s)

Wind speed (4.3 0.31 3.8 0.35

step

Grid voltage 6.2 0.28 6.5 0.32

sag (0.7 pu)

+25% 4.8 0.30 5.1 0.34

parameter

variation

3-phase fault (6.9 0.22 7.0 0.27

(100 ms)

The results demonstrate that the adaptive controller maintains
bounded response and rapid recovery across all disturbances,
confirming robustness of the MRAC strategy under realistic

operating uncertainties.

5.3. Comparative Evaluation with Advanced

Nonlinear Controllers

Although the proposed control strategy is compared in detail
with a conventional Pl-based vector controller, it is also
important to position the developed MRAC framework with
respect to other advanced nonlinear control approaches that
have been reported for DFIG-based wind energy systems.
Several studies have investigated sliding mode control (SMC),
model predictive control (MPC), and artificial intelligence-
based controllers for improving robustness and dynamic
performance of DFIG systems. A qualitative benchmarking of
these controllers with the proposed MRAC scheme is therefore
presented in table 4 based on reported performance metrics in

recent literature.

‘7 Table 6. Qualitative Comparison of Control Strategies
for DFIG-Based WECS

Controller Computatio| Robustness (Sensor Typical
nal to RequiremenDvershoot
Complexity| Parameter
Variation
PI Control Low Low Low ~9%
Proposed Medium High Low 4.3%
MRAC
Sliding Mode | High Very High Medium ~3-5%
Control
(SMC)
Model Very High | High High ~2-4%
Predictive
Control
(MPC)

The classical PI controller is simple and widely used in
industrial wind turbine systems. However, its fixed-gain
structure makes it sensitive to parameter uncertainties and wind
fluctuations, which leads to slower transient response and
larger overshoot. In contrast, the proposed MRAC scheme
adapts controller parameters online using a Lyapunov-based
update law, which improves tracking accuracy and disturbance

rejection capability without requiring gain retuning.

Sliding mode control has been reported to provide strong
robustness against disturbances and parameter variation.
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However, the discontinuous switching action introduces
chattering, which can cause additional stress on power
electronic converters and increase harmonic distortion.
Implementation of SMC also requires careful boundary layer
design and higher sampling rates.

Model predictive control provides excellent transient response
and constraint handling capability. Nevertheless, MPC requires
an accurate plant model and involves repeated online
optimization, which significantly increases computational
burden. Real-time implementation of MPC for high-frequency
converter control typically demands powerful processors or
FPGA-based platforms.

Compared with these advanced controllers, the MRAC scheme
proposed in this work offers a balanced trade-off between
robustness, computational complexity, and implementation
feasibility. The controller relies only on standard dg-axis
voltage and current measurements and does not require
complex optimization routines or high-frequency switching
logic. Unlike neural network-based approaches, the proposed
method does not involve training procedures or large data
requirements. The adaptive law ensures convergence of
tracking error while maintaining a computational structure that
can be implemented on conventional DSP-based wind turbine
controllers.

Therefore, while MPC and SMC may achieve slightly lower
overshoot under certain conditions, the proposed MRAC
strategy provides competitive dynamic performance with
significantly lower implementation complexity and improved
practical feasibility for grid-connected wind energy systems.

5.4. Feasibility and Implementation Aspects

The proposed MRAC scheme is suitable for real-time
deployment using low-cost Digital Signal Processors (DSPs) or
FPGAs due to its recursive parameter update structure and lack
of complex observer-based estimations. Unlike predictive
control methods, MRAC has reduced computational
complexity. Its reliance only on standard d-g quantities
(voltages/currents) makes it practical with existing sensor
infrastructure. The algorithm can be implemented using
standard lookup tables and integration blocks on embedded
platforms (e.g., TI TMS320 series).

In practical digital implementation, measurement noise,
discretization effects, and sensor imperfections can influence
adaptive controller performance. The dg-axis voltages and
currents used in the MRAC scheme are obtained through
standard sensors and phase-locked loop estimation, which
introduces quantization and filtering delays. To mitigate noise
amplification in the adaptive loop, the regressor vector is
filtered using a first-order low-pass filter before parameter
update.

The adaptive law is discretized using a forward Euler method
with sampling time of 50-100 ps, which is consistent with
converter switching frequency. Stability of the discretized
adaptive system is maintained by selecting adaptation gain I
within bounds determined through simulation.

Sensor offset and noise effects are further reduced by
normalizing current and voltage measurements in per-unit
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form. These implementation considerations ensure that the
proposed MRAC strategy remains stable and realizable on DSP
or FPGA-based wind turbine control platforms.

Although experimental validation is beyond the scope of the
present study, the proposed controller architecture is designed
to be compatible with real-time implementation platforms. The
adaptive algorithm requires only algebraic parameter updates
and avoids computationally intensive optimization routines,
making it suitable for DSP or FPGA realization.

Hardware-in-the-Loop (HIL) validation can be conducted using
real-time simulators such as OPAL-RT or dSPACE platforms,
where the power stage is emulated while the controller operates
on embedded hardware. The discrete-time implementation
adopted in this work directly supports such deployment without
structural modification.

Future work will focus on real-time HIL validation to evaluate
latency effects, measurement noise, and converter
nonlinearities under practical operating conditions.

5.5. Potential Deployment Challenges

Some of the key challenges in implementing the MRAC
strategy are sensitivity issues caused by initialization errors,
parameter drift with time, and adaptation speed limitations on
very nonlinear or fast grid conditions. In this regard, one way in
which bounded adaptation laws or projection algorithms can be
employed is to prevent parameter drift and guarantee stability,
while another way in which MRAC can be combined with PI
or Sliding Mode controllers during plant startup transients by
means of which provided robustness is improved. Real-time
parameter estimation under safe bounds may also significantly
enhance the reliability of control approaches. Experimental
validations with hardware-in-the-loop (HIL) simulation
platforms are also suggested before proceeding with a grid-
connected experiment to evaluate dynamic behavior and
perform more accurate fine-tuning of adaptation mechanisms in
realistic scenarios.

6. CONCLUSION

This paper attempts to present a robust Model Reference
Adaptive Control (MRAC) based control strategy for power
regulation of DFIG WECS. The MRAC scheme is merged with
a vector-oriented control for the RSC and GSC to realize very
close tracking of the reference currents and voltage regulation
under varying wind conditions. Unlike existing control
schemes using the PI or fixed-parameter controllers, with the
MRAC scheme the parameters of the controller are adapted
dynamically to offer better performance in nonlinear and
uncertain environments. Hence, no repeated gain tuning or
integration of other extensive sensors are needed. Using a
Lyapunov-based adaptive law, global asymptotic stability is
ensured with guaranteed convergence of the control error,
which has been verified by simulation results. The novelty is in
the design of an MRAC combined with flux-oriented control
applied to both machine- and grid-side converters, thereby
realizing an effective decoupled-control scheme without any
additional observer model or speed sensors. The MRAC-based
system achieved less than 5% DC-link voltage overshoot, rapid
transient response, and complete power decoupling across wide
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wind speed variations. Compared to previous literature, that
generally focuses on classical vector control, PI-based MRAS
observers, or fuzzy schemes, this work shows superior
performance in terms of stability, adaptability, and minimal
overshoot. Therefore, the proposed strategy provides an
effective, scalable solution for smart wind power systems
requiring minimal human intervention and high reliability.

Detailed simulation configuration and quantitative robustness
metrics have been provided to ensure reproducibility and
systematic validation of controller performance.

A qualitative benchmarking with advanced nonlinear
controllers such as sliding mode control and model predictive
control further confirms that the proposed MRAC strategy
achieves a favorable trade-off Dbetween robustness,
implementation complexity, and dynamic performance for
practical wind energy applications.
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